Study Objectives: The time-on-task (TOT) effect and total sleep deprivation (TSD) have similar effects on neurobehavioral functioning, including increased performance instability during tasks requiring sustained attention. The TOT effect is exacerbated by TSD, suggesting potentially overlapping mechanisms. We probed these mechanisms by investigating genotype-phenotype relationships on psychomotor vigilance test (PVT) performance for 3 a-priori selected genes previously linked to the TOT effect and/or TSD: dopamine active transporter 1 (DAT1), catechol-O-methyltransferase (COMT), and tumor necrosis factor alpha (TNFα). Methods: N = 82 healthy adults participated in 1 of 3 laboratory studies. A 10-min PVT was administered repeatedly during 38 h of TSD. We assessed changes in response time (RT) across each minute of the PVT as a function of time awake and genotype. Additionally, cumulative relative RT frequency distributions were constructed to examine changes in performance from the first to the second 5 min of the PVT as a function of genotype. Results: DAT1, COMT, and TNFα were associated with differences in the build-up of the TOT effect across the 10-min PVT. DAT1 additionally modulated the interaction between TSD and the TOT effect. Subjects homozygous for the DAT1 10-repeat allele were relatively protected against TOT deficits on the PVT during TSD compared to carriers of the 9-repeat allele. Conclusions: DAT1 is known to regulate dopamine reuptake and is highly expressed in the striatum. Our results implicate striatal dopamine in mechanisms involved in performance instability that appear to be common to TSD and the TOT effect. Furthermore, DAT1 may be a candidate biomarker of resilience to the build-up of performance impairment across TOT due to TSD. Keywords: cognitive performance, fatigue, vigilance decrement, mental workload, dopamine active transporter 1 (DAT1), catechol-O-methyltransferase (COMT), tumor necrosis factor alpha (TNFα), striatum, psychomotor vigilance test (PVT), total sleep deprivation.
INTRODUCTION
The "time-on-task effect" or "vigilance decrement" refers to a progressive decrement of performance across the duration of a cognitive task. The phenomenon tends to be particularly pronounced during sustained engagement in a vigilance task, 1 and a rest break provides recuperation. 2 The time-on-task (TOT) effect is a critical determinant of productivity and safety in systems monitoring, transportation, and security operations. [3] [4] [5] [6] [7] [8] [9] Yet, the neurobiological mechanisms underlying the TOT effect remain unclear. 10 Importantly, the TOT effect entails an increase in performance "variability" over the duration of a task. 11 On the psychomotor vigilance test (PVT)-a vigilance task with a well-documented TOT effect 12 -this is observed as a steady increase in the standard deviation of response times (RTs) across the 10-min duration of the task. 13 Interestingly, increased RT variability is also a hallmark of how sleep deprivation affects performance on the PVT. 14 Moreover, the TOT effect interacts with sleep deprivation, such that prior sleep loss amplifies the increase in RT variability from the TOT effect. 13 This interaction has been observed for sleep loss from total sleep deprivation (TSD) as well as sustained sleep restriction 15, 16 and suggests that the effects of TOT and sleep loss on vigilance task performance may have shared underlying mechanisms. 13, 15, 17, 18 It has been posited that the effects on vigilance performance due to TOT, sleep loss, and their interaction may collectively be the result of sleep-regulatory processes induced by sustained use of neuronal networks subserving task performance. 15 Specifically, it has been speculated that these effects are caused by failure in cognitive pathways to adequately process information due to local, use-dependent expression of a neuronal, sleep-like state. 19 This "local sleep" 20 would lead to cognitive instability during otherwise functional wakefulness, thus presumably giving rise to the observed performance variability. 21 Neuroimaging studies have provided findings that appear to be consistent with this view, 19, 22, 23 but more conclusive evidence is needed. We set out to further examine the idea that the effects of TOT and sleep loss on vigilance task performance have shared underlying mechanisms, by investigating genetic polymorphisms implicated in the TOT effect or the performance variability associated with sleep deprivation. A priori we selected 3 genes of interest:
• DAT1: The dopamine transporter 1 gene (DAT1, also known as the dopamine active transporter or SLC6A3) has a polymorphism involving a variable number tandem repeat (VNTR) of 40 base pairs in the 3′ untranslated region, of which the 9-and 10-repeat alleles are the most common in the popu-SLEEP, Vol. 40 lation. 24 Under well-rested (baseline) laboratory conditions, this polymorphism has been found to moderate the magnitude of the TOT effect on PVT performance. 25 DAT1 has also been implicated in homeostatic sleep-wake regulation 26, 27 and the mechanisms of action of the wake-promoting compound modafinil. 26, 28 Modafinil has been found to mitigate the effect of TSD on the TOT effect. 29 Taken together, these findings suggest that the VNTR polymorphism of DAT1 may be involved in a shared mechanism underlying the effects of TOT and sleep loss on performance.
• COMT: The catechol-O-methyltransferase gene (COMT) has a functional single-nucleotide polymorphism (SNP) involving a valine (Val) to methionine (Met) substitution at codon 158 (COMT Val158Met). 30 Under well-rested laboratory conditions, this polymorphism has been shown to moderate the magnitude of the TOT effect on PVT performance. 25 COMT has also been implicated in homeostatic sleep-wake regulation 31 and the effect of the wake-promoting compound modafinil. 31, 32 Therefore, like the VNTR polymorphism of DAT1, the Val158Met polymorphism of COMT may be involved in a shared mechanism underlying the effects of TOT and sleep loss on performance.
• TNFα: The tumor necrosis factor alpha gene (TNFα) has a functional SNP in the promoter region involving a guanine (G) to adenine (A) substitution at position 308 (TNFα  G308A) . 33 This polymorphism has been shown to moderate the magnitude of the effect of TSD on PVT performance. 34 TNFα has been implicated in local sleep, 35 which is also a hypothesized mechanism for the effect of the G308A polymorphism of TNFα on PVT performance during sleep deprivation. 34 If local sleep is involved in the TOT effect as well, then the G308A polymorphism of TNFα may be linked to a shared mechanism underlying the effects of TOT and sleep loss on performance.
For each of the 3 genes of interest, we investigated whether and how their respective polymorphisms affect PVT performance, with a particular focus on the interaction between the TOT effect and the effect of sleep deprivation.
We investigated this interaction in 2 complementary ways. First, we analyzed changes in RT across 1-min bins of the 10-min task duration of the PVT, as a function of time awake. See Figure 1 (left) for results from an earlier study 36 to illustrate this approach. Second, we analyzed differences in cumulative relative frequency distributions of the RTs 14 in the first versus second 5 min on the PVT, comparing sleep deprivation against baseline. See Figure 1 (right) for an illustration of this procedure.
METHODS

Overview
We analyzed data from N = 82 subjects who each participated in 1 of 3 in-laboratory TSD studies. The 10-min PVT 14 was administered every 2-5 h across 38 h of continuous wakefulness common to all 3 studies; see Figure 2 . For each test bout, performance across TOT was quantified based on the raw RT data for every 1-min interval of the PVT (see Figure 1 , left). Subjects were grouped by genotype for DAT1, COMT, and TNFα to investigate polymorphism-specific performance degradation due to the TOT effect, sleep deprivation, and their interaction. Subjects N = 82 healthy young adults (ages 27.0 ± 4.8 y; 43 females) participated in 1 of 3 laboratory studies conducted in the Sleep and Performance Research Center at Washington State University Spokane. The studies were approved by the Institutional Review Board (IRB) of Washington State University. Subjects gave written informed consent and were compensated for their time.
Subjects eligible for study participation met the following criteria: age 22-40 y; physically and psychologically healthy; no current medical or drug treatment (except contraceptives); no current or relevant history of psychiatric illness; no clinically significant irregularities in blood or urine; no sleep or circadian disorders; no history of moderate to severe brain injury; no history of learning disabilities; proficient in English; not a current smoker; free from traces of drugs and alcohol; no history of drug or alcohol abuse in the last year; no history of methamphetamine abuse; not pregnant; no past adverse reactions to sleep deprivation; no vision impairment, unless corrected to normal; no hearing impairment, unless corrected to normal (for studies 1 and 2 only); no travel across time zones 1 month prior to the study; no shift work 3 months prior to the study; habitual sleep duration between 6 h and 10 h per night; and usual wake times between 06:00 and 09:00. Study 3 included performance testing on a high-fidelity driving simulator and intravenous (IV) blood draws (from hours 12 to 36 during sleep deprivation). This required the following additional eligibility criteria: valid driver's license; not susceptible to simulator adaptation syndrome; suitable veins for IV insertion; no history of complications with blood draws or blood donations; and not having donated blood within 2 months of entering the study. Subjects' eligibility was confirmed with physical examination, history, blood and urine chemistry, breathalyzer, baseline polysomnography, and a battery of questionnaires.
For the 7 days prior to entering the laboratory, subjects were instructed to refrain from caffeine, alcohol, tobacco, and drug use. Subjects were also instructed to avoid napping, and to maintain their habitual sleep/wake times, which was verified by means of wrist actigraphy (studies 1 and 2: Actiwatch-2, Philips Respironics, Bend, OR; study 3: MicroMini Motionlogger, Ambulatory Monitoring, Ardsley, NY) and sleep diary, along with twice-daily phone calls to a time-stamped voice recorder to report bedtimes and wake-up times. Actigraph records were scored for sleep using computer software (studies 1 and 2: Actiware, Philips Respironics; study 3: Act Millennium, Ambulatory Monitoring), and average sleep duration across the 7 days was calculated as an index of habitual sleep duration. Due to equipment failure, actigraphy data were missing for 1 subject; for this individual, the sleep diary data were used to calculate sleep duration.
Prior to admission into the laboratory, subjects were confirmed to be free of traces of alcohol and drugs by means of breathalyzer test and urinalysis.
Subject demographics and genotypes (see below) are shown in the Supplementary Material (Table S1 ).
Experimental Design
Studies 1 and 2
These 2 studies were similar in design. In study 1, n = 34 healthy young adults (ages 27.7 ± 5.0 y; 14 females) lived in the laboratory for 4 days (3 nights). In study 2, n = 36 healthy young adults (ages 26.6 ± 4.8 y; 22 females) likewise lived in the laboratory for 4 days (3 nights). During both studies, subjects had a baseline day with a 10-h sleep opportunity (22:00-08:00), subsequently underwent 38 h of TSD, and then had a 10-h recovery sleep opportunity (22:00-08:00). During the 38 h of TSD, the PVT was administered 12 times at 2-5 h intervals (see Figure 2) . Studies 1 and 2 have previously been described elsewhere.
34,37
Study 3
In study 3, n = 12 healthy young adults (ages 26.6 ± 4.4 y; 7 females) lived in the laboratory for 7 days (6 nights). Subjects had 2 baseline days, each with a 10-h sleep opportunity (22:00-08:00), subsequently underwent 62 h of TSD-of which only the first 38 h were used for analysis here-and then had 2 recovery days with 10-h sleep opportunities (22:00-08:00). During the first 38 h of TSD, the PVT was administered 12 times at 2-5 h intervals (see Figure 2 ). Study 3 has previously been described elsewhere.
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Figure 1-Illustration of analysis approaches. Left: mean RT (±standard error) in 1-min bins for each of twelve 10-min PVTs administered at 3-h intervals across 38 h of total sleep deprivation in an earlier study (16 healthy subjects). 36 The graph shows the increase in mean RT across the 1-min bins in each test bout, with the rate of change increasing substantially with progressing time awake. Data are plotted against the start times of the PVT bouts; placement of the 1-min bins in each test bout is not to scale on the clock time axis. Graph modified from Grant et al. 36 with permission from Springer Science+Business Media. Right: cumulative relative RT frequency distributions, showing on the ordinate the number of responses (expressed relative to the grand total number of responses) that is equal to or faster than a given RT on the abscissa. The curves shown here represent cumulative relative RT frequency distributions in the first 5 min (solid curve) versus second 5 min (dashed curve) of the 10-min PVT under conditions of sleep deprivation (simulated based on the diffusion model for one-choice reaction-time tasks 43 using exaggerated parameter values for illustration purposes). The yellow-shaded area contains the fastest RTs, where the 2 curves begin to separate (notice they start at the same point on the RT axis in this illustration). The purple-shaded portion shows the heart of the cumulative relative frequency distributions, where the curves are separating progressively. Notice that the vertical separation is maximal at ~500 ms, which coincides with the cut-off traditionally used to define lapses of attention (ie, RTs ≥ 500 ms) on the PVT. 14 The red-shaded area shows the slower RTs or lapse domain, where the curves begin to approach each other again (ultimately asymptoting on 1 if the abscissa were extended). PVT = psychomotor vigilance test; RT = response time.
Figure 2-Simplified schematic of the laboratory study design. After 1 (studies 1 and 2) or 2 (study 3) baseline days with 10 h sleep opportunities (22:00-08:00), subjects were kept awake for at least 38 h under constant behavioral monitoring. The PVT was administered at 2-5 h intervals throughout scheduled wakefulness. Test bouts serving as baseline (hours 1-14 of wakefulness) are indicated with a black square; test bouts capturing nighttime sleep deprivation (hours 15-24 of wakefulness) are indicated with a blue diamond; and test bouts capturing daytime sleep deprivation (hours 25-38 of wakefulness) are indicated with a red circle. Gray denotes scheduled wakefulness, and black indicates a baseline sleep opportunity (starting at 22:00 on the preceding day). Subjects went to bed for recovery sleep at 22:00 on day 3 (studies 1 and 2) or were kept awake for an additional 24 h (study 3) (not shown). PVT = psychomotor vigilance test.
For each of the 3 studies, the laboratory conditions were strictly controlled. Light levels were fixed below 100 lux during scheduled wakefulness and lights were off during scheduled sleep periods. The ambient temperature was maintained at 21°C (±1°C). Subjects were not allowed to engage in strenuous physical activity while in the laboratory. They did not have contact with individuals outside the laboratory, and did not have access to live television or radio, phones, personal computers, internet, or video games. Subjects participated in groups of up to 4 and were each assigned their own room for performance testing and for baseline and recovery sleep. Trained research assistants monitored subjects' behavior around the clock.
Genotyping
A venous whole blood sample was collected from each subject during a prestudy screening session. Blood was collected in Vacutainer tubes coated with ethylenediaminetetraacetic dipotassium dihydrate (K 2 EDTA). Samples were immediately aliquoted and stored at -80°C until analysis.
The whole blood samples were red-cell depleted and genomic DNA (gDNA) was extracted. The DNA samples were assayed for the VNTR of the DAT1 gene (rs28363170, chromosome 5) and the SNPs COMT Val158Met (rs4680, chromosome 22) and TNFα G308A (rs1800629, chromosome 6).
DAT1 genotyping was performed using standard polymerase chain reaction (PCR) procedures described in the literature. 39 Samples were amplified with 20 µM of forward primer 5′-TGTGGTGTAGGGAACGGCCTGAG-3′ and 20 µM of reverse primer 5′-CTTCCTGGAGGTCACGGCTCAAGG-3′. PCR procedures were carried out in a final reaction volume of 20 µl containing the following: 10 µl of Go-Taq Hot Start Green Master Mix (Promega, Madison, WI), 1 µl of each primer (forward and reverse), 6 µl of nuclease-free water, and 2 µl of gDNA. PCR conditions involved initial denaturation at 94°C for 3 min, followed by 39 cycles of: denaturation at 94°C for 45 s, annealing at 69°C for 30 s, and extension at 72°C for 30 s. Final extension was at 72°C for 5 min. Amplified products were electrophoresed on a 3% agarose gel stained with ethidium bromide and visualized under UV light. DAT1 fragment sizes for 8-, 9-, 10-, and 11-repeats were 360 bp, 400 bp, 440 bp, and 480 bp, respectively. 39 Three subjects were not included in the overall analysis of DAT1 due to the rarity of their genotypes in the general population (8/8 for 1 subject and 10/11 for 2 subjects), leaving 79 subjects for DAT1 statistical analyses. Seven homozygous and 27 heterozygous subjects carrying the 9-repeat allele were grouped together and labeled as 9R.
COMT genotyping was performed using the Taqman Drug Metabolism Assay (Assay ID: C__25746809_50; ThermoFisher Scientific, Waltham, MA). Real-time PCR was carried out per the manufacturer protocol using VIC/FAM context sequence CCAGCGGATGGTGGATTTCGCTGGC[A/G] GAAGGACAAGGTGTGCATGCCTGA. Wet DNA was used, and reactions were carried out on a 96-well plate with a final reaction volume of 25 µl. All samples were assayed in duplicate, and a no-DNA negative control was included. Allelic discrimination analysis was performed using MJ Opticon Monitor Analysis Software v3.1 (Bio-Rad Laboratories, Hercules, CA).
TNFα308 genotyping was performed using standard PCR and restriction enzyme digestion procedures described in the literature, 40 and as described in detail previously. 34 A χ 2 goodness-of-fit test was used to test for deviations from Hardy-Weinberg equilibrium in the subject sample for each of the 3 genes examined. Furthermore, Fisher's exact testing was used to determine if any of the genotypes were associated with one another. One-way analysis of variance (ANOVA) was used to test for differences in age between genotypes, and logistic regression was used to test for differences in gender and race/ ethnicity between genotypes.
Performance Testing
The 10-min PVT was administered on a desktop computer. Subjects were presented with a visual stimulus in the form of a millisecond counter. The stimulus was presented at random intervals between 2 and 10 s. Subjects were instructed to respond to the stimulus as quickly as possible, without making false starts, by pressing a button on a response box.
The raw RT data recorded during the 12 test bouts across the 38-h TSD period (see Figure 2 ) were used to assess the TOT effect. For each 10-min test bout of each individual subject, the RT data were grouped into ten 1-min bins. On average, the number of RTs per bin was 9.3 (see Table S2 in the Supplemental Material for descriptive statistics by bin). False starts, including RTs <100 ms, were not included.
Additionally, cumulative relative RT frequency distributions (see Figure 1 , right) were constructed from the combined data in the first five 1-min bins (first half of task duration) and from the combined data in the second five 1-min bins (second half of task duration). This was done separately for baseline test bouts (bouts 1-4) and daytime sleep deprivation bouts (bouts 9-12), so as to be able to compare the TOT effect (first versus second half of task duration) between well-rested and sleep-deprived states while controlling for time of day (see Figure 2 ). To construct the cumulative relative RT frequency distributions, the RT data sets were aggregated across test bouts and pooled over subjects by genotype, and then divided into 28 logarithmically sized RT bins. (To obtain RT counts of the same order of magnitude across RT bins, the bins were bounded by [ For 7 of the 82 subjects, 1 or 2 PVT bouts were potentially confounded by a microsleep event, a distraction, or failure to put effort into the task, as documented by our trained research assistants during the experiments. These test bouts were removed from the data set, leaving a total of 974 test bouts comprising 90 494 RTs (98.9% of the original total) for analysis.
Statistical Analyses
For each of the 12 PVT test bouts of each individual subject, the RTs were grouped into 1-min bins across the 10-min task duration. The raw RTs thus binned were analyzed using a mixed-effects ANOVA with fixed effects of time awake (test bouts 1-12), TOT (1-min bins 1-10), genotype, and their interactions, controlling for study and with a random effect over subject on the intercept. The analysis was carried out separately for DAT1 (9R, 10/10), COMT (Met/Met, Val/ Met, Val/Val), and TNFα (A/G, G/G). The primary effect of interest was the interaction between time awake, TOT, and genotype. For graphical representation, test bouts were also divided into 3 phases of the 38-h TSD period (see Figure 2) : baseline (bouts 1-4), nighttime sleep deprivation (bouts 5-8), and daytime sleep deprivation (bouts 9-12). Secondary analyses repeated the mixed-effects ANOVA controlling for age, gender, race/ethnicity, and habitual sleep duration, in addition to study.
The cumulative relative frequency distributions of the PVT RTs were analyzed using a mixed-effects ANOVA with fixed effects of RT bin (1-28) alone and in interaction with TOT (first, second half of task duration) and genotype and their interaction. This analysis was controlled for study, included a random effect over subjects on the intercept (with a Toeplitz covariance structure to account for autocorrelation in the cumulative frequency data), and was weighted by total number of RTs contributed by each subject. The analysis was carried out separately for baseline (aggregated over PVT bouts 1-4; hours 1-14 of wakefulness) and daytime sleep deprivation 24 h later (aggregated over bouts 9-12; hours 25-38 of wakefulness). Table 1 shows the genotype counts and frequencies for our sample. The relative allele frequencies were as follows: DAT1, 9-repeat allele 0.26, 10-repeat allele 0.74; COMT, Met allele 0.49, Val allele 0.51; TNFα, A allele 0.15, G allele 0.85. The allele frequencies were found to be in Hardy-Weinberg equilibrium for each gene (DAT1: χ = 2.19, p = .14; TNFα: χ 2 1 = 2.41, p = .12). Our observed genotype frequencies were comparable to those in the published literature. 41, 42 Fisher's exact tests showed that in our sample, the DAT1, COMT, and TNFα genotypes did not co-segregate. DAT1 was not significantly associated with COMT (p = .18) or TNFα (p = .81). COMT and TNFα were also not significantly associated (p = .54).
RESULTS
Subjects' habitual sleep duration, as estimated by the average sleep duration assessed using wrist actigraphy in the week before the experiment, was 7.3 ± 0.8 h. Habitual sleep duration did not differ by genotype for any of the 3 genes considered here (see Table S3 in the Supplemental Material). Figure 3 shows TOT performance data from each of the 12 PVT test bouts across 38 h of continuous wakefulness for the different genotypes of DAT1, COMT, and TNFα. The full set of statistical results from each mixed-effects ANOVA is reported in the Supplemental Material (Table S3) . Each of the graphs in Figure 3 shows the well-established effects of time awake (F > 223, p < .001), TOT (F > 54, p < .001), and their interaction (F ≥ 4.9, p < .001) on RT for each of the genotypes. Furthermore, the data replicated previously observed interactions of time awake with genotype 27,32,34 (F ≥ 9.2, p < .001); see the Supplementary Material ( Figure S1 ) for graphs depicting this interaction independent of TOT.
In what follows, we focus on our novel findings pertaining to the interaction between TSD, TOT, and genotype. For comparison, results from a well-rested control group are shown in the Supplementary Material ( Figure S2 ).
For DAT1 (Figure 3, top) , performance diverged across TOT between the 9R and 10/10 genotypes as TSD progressed, The 9-repeat homozygous and heterozygous individuals were combined for analysis purposes as 9R.
especially during the early and late morning hours. There was a significant interaction between time awake, TOT, and DAT1 genotype (F 99,87000 = 1.35, p = .011), which captured 23.2% of the overall variance explained by DAT1 genotype. Subjects homozygous for the 10-repeat allele showed a substantially reduced TOT effect during TSD compared to subjects homozygous or heterozygous for the 9-repeat allele. Subjects in the well-rested control group did not show any performance impairment or any differences by DAT1 genotype (see Supplementary Material, Figure S2 ). This confirms that the divergence across TOT between genotypes in Figure 3 (top) was due to the interaction with TSD. For COMT and TNFα ( Figure 3 , middle and bottom, respectively), there was no divergence across TOT by genotype as TSD progressed. There was no significant interaction between time awake, TOT, and COMT genotype (F 198,90000 = 1.13, p = .10 ). There was a trend for the interaction between time awake, TOT, and TNFα genotype (F 99,90000 = 1.21, p = .080). However, both TNFα genotypes (A/G and G/G) showed similar TOT effects across the entire 38-h TSD period, but the G/G subjects tended to have slower RTs (Figure 3, bottom) . Subjects in the wellrested control group did not show any performance impairment or any differences by COMT or TNFα genotype (see Supplemental Material, Figure S2 ).
To further clarify the results regarding TOT, Figure 4 shows the build-up of PVT performance impairment across TOT for DAT1, COMT, and TNFα, collapsed across test bouts for wellrested baseline (left), nighttime TSD (middle), and daytime TSD (right). For DAT1 (Figure 4, top) , performance across TOT was nearly identical for the 9R and 10/10 genotypes at baseline. However, in line with the significant interaction between time awake, TOT, and DAT1 genotype discussed above, clear differences in the rate of change across TOT appeared during TSD. Subjects homozygous for the 10-repeat allele showed less performance impairment build-up over the 10-min PVT than the 9-repeat allele carriers.
Consistent with the absence of a 3-way interaction for COMT and TNFα (see above), no such clear picture emerged for these 2 genes. For COMT (Figure 4 , middle), subjects homozygous for the Val allele exhibited overall faster RTs, especially at baseline. Likewise, for TNFα (Figure 4, bottom) , carriers of the A allele had overall faster RTs, especially at baseline. For both genes, TSD increased the rate of change across TOT; however, there were no pronounced differences in the rate of impairment build-up between genotypes. This shows that divergence across TOT between genotypes in interaction with time awake was a property specific to DAT1.
There were no significant differences between DAT1, COMT, and TNFα genotypes based on age, gender, race/ethnicity, and habitual sleep duration (see Supplemental Material, Table S3 ). All significant effects described above held true in secondary analyses controlling for age, gender, race/ethnicity, and habitual sleep duration. Figure 5 shows the cumulative relative RT frequency distributions for PVT test bouts performed during well-rested baseline and during daytime TSD (at the same times of day). Each panel depicts the relative RT frequency distributions during the first 5 min versus the second 5 min of the PVT. During TSD (Figure 5,  right) , as compared to baseline ( Figure 5, left) , the distributions displayed the expected skewing to the right that is characteristic of sleep loss.
14 Furthermore, during baseline-and especially during TSD-the distributions showed the expected skewing to the right from the first 5 min (solid curves) to the second 5 min (dashed curves) of the PVT, congruent with the previously reported increase in performance variability across TOT 11 (cf. illustration in Figure 1, right) . However, the patterns of change were not the same for the 3 genes considered. The full set of statistical results pertaining to the cumulative relative RT frequency distributions is reported in the Supplemental Material (Table S3) ; here, we only describe the effects involving interactions with genotype.
For DAT1, the 2 genotypes had similar RT distributions during well-rested baseline ( Figure 5, top left) , with no significant genotype interactions. During TSD, however, the distribution curves for the DAT1 genotypes diverged ( Figure 5, top right) . There was a significant interaction of RT bin by genotype (F 28,4235 = 1.61, p = .022). The RT distributions diverged in the lapse domain ( Figure 5 , top right, red-shaded area). In the 9R group, longer RTs occurred more frequently during the second 5 min (dashed red line) than during the first 5 min (solid red line), whereas this was not seen in the 10/10 group (dashed versus solid blue line). This is consistent with the results of Figure 3 (top) and Figure 4 (top) indicating that subjects homozygous for the 10-repeat allele exhibited a significantly reduced TOT effect during TSD compared to subjects homozygous or heterozygous for the 9-repeat allele. Figure 5 (top right) elucidates that this group difference was due to relatively greater skewing of the RT distribution due to interaction of TSD with the TOT effect in the subjects homozygous or heterozygous for the 9-repeat allele of DAT1.
For COMT and TNFα, in contrast to DAT1, a significant genotype difference in the cumulative relative RT frequency distribution was already apparent during well-rested baseline. For COMT ( Figure 5 , middle left), there was a significant interaction of RT bin by genotype (F 56,4345 = 2.24, p < .001). For TNFα ( Figure 5, bottom left) , there was also a significant interaction of RT bin by genotype (F 28,4400 = 15.76, p < .001). Subjects homozygous for the Val allele of the Val158Met polymorphism of COMT, and especially subjects carrying the A allele of the G308A polymorphism of TNFα, produced fast RTs more frequently at baseline.
TSD further amplified these genotype differences for COMT and TNFα. For COMT ( Figure 5 , middle right), there was again a significant interaction of RT bin by genotype (F 56,4345 = 1.73, p = .001). For TNFα ( Figure 5, bottom right) , there was also again a significant interaction of RT bin by genotype (F 28,4400 = 3.37, p < .001). After TSD, as during baseline, subjects homozygous for the COMT Val allele and carriers of the TNFα A allele produced fast RTs more often relative to the other COMT and TNFα genotypes, during both the first 5 min and the second 5 min of the PVT. In contrast to DAT1, the differences between the COMT and TNFα genotypes were most prominent in the heart of the RT distribution ( Figure 5 , middle and bottom right, purple-shaded area) and vanished in the lapse domain. This is consistent with the lack of significant interactions between TSD, TOT, and COMT or TNFα genotype in Figure 3 (middle and bottom, respectively) and Figure 4 (middle and bottom, respectively).
DISCUSSION
In this study, we observed systematic interaction of the TOT effect with TSD. Matching earlier findings, 12, 13, [15] [16] [17] both TOT and TSD increased RT mean and RT variability on the PVT; moreover, TSD amplified the changes across TOT. The similarities of the TOT and TSD effects on PVT performance, as well as their interplay, suggest that there may be shared underlying mechanisms. 15, 17 To examine this possibility, we investigated 3 genetic polymorphisms, selected a priori because of previously documented associations with TOT or TSD 25, 34 : DAT1 (VNTR), COMT (Val158Met), and TNFα (G308A). For all 3 genes, we observed effects of polymorphisms on the RT distribution, especially during TSD ( Figure 5 ). However, only DAT1 genotype affected the interaction between TOT and TSD ( Figures 3  and 4) . Specifically, compared to carriers of the DAT1 9-repeat allele, subjects homozygous for the 10-repeat allele were relatively protected against TOT-induced performance deficits during TSD.
In line with our findings, Holst and colleagues 27 recently reported that the DAT1 10-repeat allele confers resilience to PVT performance impairment across 40 h of TSD. They did not report DAT1 genotype modulation of the interaction between TSD and TOT. To investigate the TOT effect, however, they divided the task duration into quintiles and characterized each quintile by the number of responses in the lapse domain or by the variability in RTs. This approach yields considerably less statistical power than using the individual RTs in 1-min bins, and may have obscured a TSD by TOT by DAT1 genotype interaction in their study. In contrast, Lim and colleagues 25 found that subjects homozygous for the 10-repeat allele of DAT1 and subjects homozygous for the Val allele of COMT Val158Met are relatively resilient to the decline of performance across TOT on a 20-min PVT under well-rested baseline conditions. These results are consistent with our findings, in that increasing the task duration from 10 to 20 min would be expected to enhance the TOT effect similar to what TSD did in our study. Thus, the present study extends and integrates the work of Holst and colleagues 27 and that of Lim and colleagues. 25 Whereas COMT and TNFα were associated with genotype differences in the heart of the RT distribution ( Figure 5 , middle and bottom right, purple-shaded area), DAT1 was associated with genotype differences in the lapse domain of the RT distribution ( Figure 5 , top right, red-shaded area). This distinction may be interpreted by means of a cognitive model called the diffusion model of one-choice reaction-time tests, 43 which abstractly describes performance on the PVT as a one-boundary diffusion process symbolizing the accumulation of stimulus information (evidence) until a decision criterion is reached and a response is initiated. The rate of evidence accumulation is represented by a drift ratio parameter, while the decision criterion is represented by a boundary separation parameter. Differences in the boundary separation parameter impact the heart of the RT distribution, and differences in the drift ratio parameter impact the lapse domain of the RT distribution (see Supplemental Material, Figure S3 ).
In the context of our study, this cognitive modeling perspective implies that the COMT and TNFα polymorphisms may be associated with differences in the propensity to respond earliest after the detection of a stimulus. 44 This suggests that even though subjects were instructed to respond to PVT stimuli as quickly as possible, without making false starts, there may have been systematic differences among them in the level of effective cognitive control. In line with this interpretation is the observation that the COMT and TNFα genotypes influenced the RT distribution both at baseline and after TSD ( Figure 5 , middle and bottom). Also in line with this interpretation is that TNFα G308A has been linked with cognitive control 45 ; and, more indirectly, that COMT activity is localized predominantly in the prefrontal cortex, 46 which has been linked with cognitive control as well. 47 The DAT1 polymorphism, on the other hand, appears to be associated with a differential rate of evidence accumulation (Figure 5, top; cf. Supplemental Material, Figure S3 , left). The rate of evidence accumulation during PVT performance is a strong correlate of the fidelity of information processing. 37 Both the rate of evidence accumulation and the fidelity of information processing on the PVT have been shown to be affected substantially by TSD. 37, 43 Our finding that DAT1 genotype affected the interaction between TOT and TSD ( Figures 3 and 4) -and may thus be involved in shared mechanisms underlying both TSD and TOT-leads to 2 central hypotheses: (1) the TOT effect, like TSD, involves degradation of the fidelity of information processing; and (2) the degree to which TSD, TOT, and their interaction degrade the fidelity of information processing is modulated by dopaminergic mechanisms.
These hypotheses are compatible with results from studies of sleep deprivation and striatal dopamine. 48, 49 DAT1, the dopamine transporter 1, is highly localized to the striatum, where it regulates dopamine levels via reuptake from the synaptic cleft to the presynaptic terminal. 50 Neuroimaging studies have shown that sleep deprivation does not change synaptic dopamine or dopamine transporter expression within the striatum over time. 48 However, the DAT1 VNTR polymorphism modulates the expression of the transporter between subjects, and although the literature is mixed on whether the 9-and 10-repeat alleles increase or decrease the transporter's expression, a meta-analysis concluded that the 9-repeat allele increases it. 51 The implication is that subjects homozygous for the DAT1 10-repeat allele are expected to have increased synaptic dopamine levels in the striatum compared to carriers of the 9-repeat allele. DAT1 knock-out studies in rodents 28 and pharmacologic blocking studies in humans 52 have shown that increased synaptic dopamine levels promote wakefulness. A recent neuroimaging study found that DAT1 genotype modulates neural responses during sleep loss and alters cognitive functioning. 53 Taken together, the literature suggests that increased dopamine availability in the striatum may be causally related to the relatively improved PVT performance in subjects homozygous for the DAT1 10-repeat allele, as compared to carriers of the 9-repeat allele, during TSD and across TOT.
In the striatum, dopamine D 2 receptors are co-localized and functionally interact with adenosine A 2A receptors (ADORA2A). 54 Adenosine has been implicated in mediating the effects of sleep deprivation, 55 and has been hypothesized to be involved in the effects of TOT as well. 19 Activation of the A 2A receptor modulates dopaminergic neurotransmission in an antagonistic manner. 54 As such, increased dopamine levels in subjects homozygous for the DAT1 10-repeat allele could potentially provide relative resilience to the interacting effects of TSD and TOT on performance simply by counteracting the antagonistic effect of adenosine. This would suggest that a striatal adenosinergic/dopaminergic mechanism underlies the cognitive impact of TSD interacting with TOT. A previously reported effect of polymorphisms of the ADORA2A gene on psychomotor vigilance performance during sleep loss 56 is congruent with this idea.
It should be noted that the subject sample of our study consisted only of young adult women and men (ages 22-40) with limited racial and ethnic diversity. We do not know to what extent
